1 3 3 1 guanosine pentaphosphate ((p)ppGpp) during T7 development. We further 3 2 demonstrate a requirement of Gp5.7 for T7 development in E. coli cells in the 3 3 stationary phase of growth. Our finding represents a paradigm for how some 3 4 lytic phages have evolved distinct mechanisms to inhibit the bacterial 3 5 transcription machinery to facilitate phage development in bacteria in the 3 6 exponential and stationary phases of growth. 3 7 3 8 Significance statement 3 9 Virus that infect bacteria (phages) represent the most abundant living entities on the 4 0 planet and many aspects of our fundamental knowledge of phage-bacteria 4 1 relationships have been derived in the context of exponentially growing bacteria. In 4 2 the case of the prototypical Escherichia coli phage T7, specific inhibition of the 4 3 housekeeping form of the RNA polymerase (Eσ 70 ) by a T7 protein, called Gp2, is 4 4 essential for the development of viral progeny. We now reveal that T7 uses a second 4 5 specific inhibitor that selectively inhibits the stationary phase RNAP (Eσ S ), which 4 6
Results.
Previously, we posited that Gp5.7 prevents transcription initiation from T7 A1-A3 considering that Gp5.7 is an inefficient inhibitor of Eσ 70 compared to Gp2 (8) exponentially growing wild-type E. coli cells (Fig. 1A) . We further demonstrated that 1 1 3 the accumulation of (p)ppGpp is accompanied by an increase in the intracellular 1 1 4 levels of σ S during T7 development in exponentially growing E. coli (Fig. 1B) . Control experiments with a relA/spoT mutant E. coli strain confirmed that the 1 1 6 accumulation of σ S during T7 infection was indeed (p)ppGpp-dependent ( Fig. 1B) . Next, we tested whether Eσ S could initiate transcription form the T7 A1 1 1 8
promoter as efficiently as Eσ 70 . To do this, we conducted an in vitro transcription 1 1 9 assay using a 65-bp DNA fragment containing the T7 A1 promoter sequence as the RNA transcript, CpApU, which is complementary to the first three nucleotides (+1 to 1 3 8 development in E. coli cells during the exponential phase of growth. compromised in the mutant strain due to the absence of (p)ppGpp; see above (18)). As the first 12 hours ( Fig. 4 and Movie S1). However, whereas T7 wild-type plaques 2 7 4 1 2 continued to enlarge, the rate at which the plaques formed by T7 Δ gp5.7 enlarged 2 7 5 significantly slowed after ~12 hours of incubation and completely ceased after ~20 2 7 6 hours of incubation ( Fig. 4 and Movie S1). Hence, after 72 hours of incubation, the 2 7 7 size of the plaque formed by the T7 Δ gp5.7 phage was ~50% smaller than the plaque formed by T7 wild-type phage on a lawn of wild-type E. coli cells. We were able to 2 7 9
partially, yet specifically, revert the rate of plaque-enlargement and plaque size of the coli than on a lawn of wild-type E. coli lawn ( Fig. 4 ). For example, after 48 hours of 2 9 5 incubation, the size of the plaques formed by the T7 wild-type phage on a lawn of 2 9 6 Δ relA/ΔspoT E. coli was ~2-fold larger than those formed on a lawn of wild-type E. enlarging after ~20 hours of incubation on a lawn of wild-type E. coli, they continued 2 9 9 1 3 to enlarge (albeit at a slower rate than that of T7 wild-type phage) on a lawn of (Fig. 4) . Overall, although we cannot fully exclude possibility The inhibition of the host transcription machinery, the RNAP, is a central theme in 3 2 7 the strategies used by phages to acquire their bacterial prey. In the prototypical E. coli 3 2 8 phage T7, the switching from using the host RNAP for transcription of early T7 genes 3 2 9
to the T7 RNAP for transcription of middle and late T7 genes is tightly regulated by promoters by Eσ S (Fig. 1C ), which accumulates ( Fig. 1B) , possibly as a consequence phase of growth (Fig. 5, . In this case, we envisage that Gp5.7 will be absent Gp2 only poorly inhibits Eσ S (7) further supports the need for Gp5.7 for T7 to the best of our knowledge, Gp5.7 is the only phage-encoded host RNAP inhibitor 3 5 5
(or phage factor) described to date that is required for successful phage development assumption that the intracellular levels of Eσ 70 will be higher in the optimally develop both in exponentially growing and stationary phase E. coli cells. Consequently, any perturbations in RNAP levels or activity can have adverse effects 3 7 1 on T7 development. We further note that, although Gp2 and Gp5.7 bind to sites located at different whereas Gp5.7 binding site is located at the upstream face of the RNAP (this study)), case of Gp5.7 (this study)). Since the R4 domain of σ 70 is also targeted by a T4 phage 3 7 9
protein, called AsiA, to 'recruit' the host RNAP to transcribe phage genes (reviewed
in (23)), it is interesting to speculate whether phages, regardless of their dependence This study unambiguously shows that (p)ppGpp accumulates in T7 infected E.
coli cells. The involvement of (p)ppGpp in phage development has been previously 3 8 7
documented: For example, (p)ppGpp is required for the replication of phage Mu in E. coli ( (24)) and in phage lambda it contributes to the switching between the lytic and 3 8 9
lysogenic cycles (25). However, the role of (p)ppGpp in T7 development and the 3 9 0 signaling pathway(s) that results in its synthesis are unknown. In E. coli two different 3 9 1 pathways are involved in the production of (p)ppGpp: the RelA-and SpoT-dependent 3 9 2 pathways (reviewed in (26)). RelA is associated with ribosomes and produces starvation. In contrast, SpoT is primarily responsible for the accumulation of (p)ppGpp in response to most stresses (e.g. fatty acid or iron starvation) and nutrient limitations (e.g. carbon starvation) apart from amino acid starvation. However, it In summary, our study has uncovered a new aspect of T7 biology and the The latter is clearly relevant to bacteria encountered by T7 in the natural environment, which are often in a starved and thus in a growth-attenuated or slow growing state. Therefore, the insights from this study also have implications on the emerging interest 4 1 0
in the use of phages, phage-derived antibacterial compounds and their bacterial 0.45. The culture was then infected with T7 wild-type (ratio of 10:1 -T7:E. coli) in sample taken after 10 min and processed as above. [Bio-Rad] device and processed according to standard molecular biology protocols. was then dialyzed against 50 mM NaH 2 PO 4 and 350 mM NaCl, at pH 6 and denaturing conditions and the denatured 6xHis-σ s was refolded in 50 mM NaH 2 PO 4 , 4 9 8 300 mM NaCl, and 10 mM imidazole pH 8. The 6xHis-Gp5.7 was amplified from Gp5.7 and 6xHis-Gp2 expression and purification were done exactly as previously In vitro transcription assays. These were conducted exactly as previously described pre-incubated with Eσ S or Eσ 70 at the indicated concentrations before adding promoter 5 1 2
DNA to the reaction. However, in the reactions shown in Fig. 3D, Gp5 .7 was added to 5 1 3 the pre-formed RP O (i.e. following pre-incubation of Eσ S and the promoter DNA).
1 4
Sequences of all oligonucleotides used to generate promoter probes are available in 5 1 5
(8) or upon request. Pull-down assays. For the pull-down assays shown in Fig. 2A and 2B , Ni-NTA beads 5 1 8
[Qiagen] were used. Approximately 0.02 mg of recombinant 6xHis-σ S or 6xHis-σ S R4 5 1 9
in binding buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, and 10 mM imidazole pH 8) was 1 h at 4°C. The beads were washed three times in 1 ml wash buffer (50 mM 5 2 3
NaH 2 PO 4 , 300 mM NaCl, and 20 mM imidazole pH 8) for 10 min to remove any non- containing 250 mM imidazole was added. For FLAG-tag protein pull-down assay 5 2 6 ( Fig. 2C) 
